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[57] ABSTRACT 

This mvention provides different length glass fibers for 
providing a broad range of optical time delays for short 
incident chromattc light pulses for the selective spatial 
and frequency analysis of the light with a sm^ light 
detector. To this end, the frequencies of the incident 
light are orientated and matched with the different 
length fibers by dispersing the separate frequencies in 
space according to the respective fiber locations and 
lengths at the input terminal of the glass fibers. This 
makes the different length fibers useful in the field of 
plasma physics. To this end the short light pulses can be 
scattered by a plasma and then passed through the fibers 
for analyzing and diagnosing the plasma while it varies 
rapidly with time. 

6 Claims, 8 Drmviag Figures 
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' OBJECT OF THE INVENTION 

SSJ^^^S^ ™ It is an object of this inv^tion, therefore, to provide 

TIME UlLLAY^ i-iJK riM^wr^^i different length glass fibers for providing a broad range 

BACKGROUND OF THE INVENTION 5 of optical time delays for incident space orientated 

chromatic hght frequencies; 

In the field of plasma physics, it is desirable to analyze another object to provide the selective spatial 

the bahavior of a short light pulse whose spectra vary frequency analysis of chromatic light with a single 

rapidly with time. In one application, for example, it is detector; 

desirable to analyze the time behavior of a pulse of jq |^ further object to provide a improved spec- 
below 100 nanoseconds duration that is scattered by a trometer for plasma diagnosis, 
time varying plasma to produce complex and variable ihe above and further novel features and objects of 
spectra corresponding with certain important and rap- this invention will become appiarent from the following 
idly changing plasma characteristics. Heretofore, how- detailed description of several embodiments of this in- 
ever, this analysis has required spectrometers employ- 15 vention when read in connection with the accompany- 
ing a plurality of separate and expensive photomulti- ing drawings, and the novel features wUl be particularly 
pUer tube light detectors and a plurality of separate and pointed out in the appended claims. It is to be expressly 
expensive oscilloscopes for each of a plurality of fre- understood, however, that the drawings are not a defi- 
quency channels of the incident light. Moreover, it has nition of the invention but are for the purpose of illus- 
been a problem of no smaU significance to calibrate the 20 tration only. 

various detectors and oscilloscopes. BRIEF DESCRIPTION OF THE DRAWINGS 

SUMMARY OF THE INVENTION the drawings where like elements are referenced 

This invention provides different length optical fibers alike: c.x, - i^ ^f 

for p^viLg it bVoad range 25 FIG. lis a partial schematic view of the prm^^^^^ 

spedfic frSuencies of a short incident chromatic Ught thisinvenUon for usemdiagnosmgaplasm^FIG. l-a a 

nuwSw 100 nanoseconds duration for the selec a schematic view of the amphtude of one frequency of 

tive sS a^d S^^^ of the light with a the incident Ught as a function of time m the apparatus 

tive spaiiai ana irequcE^y wioiywa " * «^c* « of FIG. 1- FIG. Vb is a schematic view of the spectal 

single light detector These optical fibe^^ 30 2^velopeV*e incident Ught of tiie apparatus of FIG. 

plurality of specnfic. low-gloss gtess ^^^"^^8 ^"^^^ ^ 3 schematic view of the output of the 

ferent lengths that are specifiailly ^ounMrnd^-- iectrometer apparatus of FIG. 1 as a function of time; 

rangedwithflatendsnonnaltother^pectivefiber^ St^e amplitudes of the individual frequencies 

for transmittingthe ight with t^^^^^^ 1^^^ , , J^^ j.^. 

with the individual lengths of the fibers. Specific termi- piG 2 is a partial cross-section of one embodiment of 

nal means are provided for holding the respective ends tcrininal fiber array of the apparatus of FIG. 1; 

of the different length fibers in contact with each other. ^.^^ cross-section of another embodi- 

In one specific application, this invention dia^oses a ^^^^ terminal fiber array of the apparatus of FIG. 
time varying plasma by providing a plurahty of differ- 

ent length fibers for producing a broad range of optical ^ ' ^-^^ partial three-dunensional view of the prac- 
time delays for incident light that passes through tiie embodiment of one spectrometer apparatus em- 
plasma for the selective spatial and frequency analysis paying the principles of the apparatus of FIG. 1; 
of the light with a single light detector. To this end, the ^ partial, schematic view of the embodiment 
improvement of this invention, comprises a light source spectrometer apparatus of FIG. 4 for diagnosing 
means of an incident light pulse scattered by the plasma, various characteristics of a high temperature laser pro- 
a plurality of uniform diameter, low-loss, glass fibers ^uced plasma; 

having different lengths and flat polished ends normal j^rsf^ni^irrrin^ nv XHF PREFERRED 

to the respective fiber axes for receiving and transport- ^^^^^^^P^^n^ 

ing the transmitted light with time delays that corre- EMBODIMfiNl 

spend with the individual lengths of the fibers; terminal -^his invention has been used for measuring various 

means for holding the respective ends of the fibers in plasma characteristics^ but it will be understood that it is 

contact with each other in spaced apart planes in longi- useful for a wide variety of applications requiring a 

tudinally extending arrays that are corrected to nullify broad range of optical time delays for the different 

the imperfections in the polish of the fiber ends; njatch- frequencies of short pulses of incident chromatic light, 
ing means adjacent to one terminal means having means 55 More particularly, this invention is useful in any appli- 

for dispersing the incident light frequencies in space and cation requiring the selective spatid and frequency 

orientating the frequencies in space as a function of the analysis of short pulses of chromatic light with a single 

orientation and location in space of the fiber ends in the detector. 

one terminal means; and means adjacent to the other it is known that plasmas can be diagnosed by detect- 
terminal means having a single light detection means for 60 ing light scattered by tiie plasma, since the plasma scat- 

matchmg the outgoing light, from the fiber ends of the ters the light frequencies according to known laws of 

other terminal means for detection by the single light physics. One well known plasma diagnostic system is 

detector in accordance with the time delays produced tiie Thompson scattering system used in diagnosing the 

for determining the effects on the light by its transmis- high temperature, time varying plasmas at the Princeton 
sions through the time varying plasma. With tiie proper 65 Plasma Physics Laboratory. 

selection of fiber and terminal elements and tiieir ar- The main elements of the preferred embodiment of 

raneement, as described in more detail hereinafter, tiie tiic spectrometer 10 of this invention, and the pnnciples 

dea^red optical time delays are provided. of tiieir operation can be understood by reference to 
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FIG. 1» which illustrates different length glass fibers 11 for matching the incident chromatic light pulse 13 to 
and a light source 12, which directs a light pulse into the fiber ends 19 in the one terminal means 23, This is 
plasma P; the short scattered light pulse 13 that passes because the grating 35 disperses the light in cross-sec- 
through shutter S contains a variety of frequencies and tion in a plane at right angles to its axis in a longitudi- 
detector 17 can be used for diagnosing the plasma pa- 5 nally extending array that corresponds with the orienta- 
rameters, characteristics* etc. Should specific of those tion of the longitudinally extending array of the fiber 
frequencies be dispersed in space as spectral lines ac- ends, and the lenses e, f and g complete the matching by 
cording to a specific system of stepping in accordance focussing the dispersed frequencies on the input fiber 
with this mvention, and then received and transmitted ends, while maintaining the desired correspondence, 
by respective of a plurality of specific, low-loss, glass 10 Likewise, conventional output lenses 39 are used to 
fibers 11 having specific ends 19 and mountings M, as maintain the desired correspondence while focussing 
well as a specific correspondinjgly stepped lengths, the outgoing frequency components on to the face of 
which are referred to for convenience, for example, as photodetector 17. To this end, for example, lenses h and 
a, b, c, d, then these specific frequencies will be spread i transmit and focus the output unage from the ends of 
in time at the fiber output ends by specific time delays 15 fiber array on to the photo-multiplier tube detector 17 
for sequential detection and simultaneous display by for analysis by means of an oscilloscope 43 connected 
specific detection means. More particularly, these spe- thereto in a conventional manner for producing a single 
cific frequencies can be transmitted with specific time trace 45 corresponding to all the input signals, 
delays for the selective spatial and frequency analysis of The grating is blazed or ruled in a conventional man- 
each light pulse with a single light detector 17. 20 ner going back to Rowland's pioneering work in 1882 to 

Referringnowmoreparticularly to the fiber ends 19, produce precisely ruled, closely spaced, parallel, v- 
they are polished to be optically flat, are butted up shaped blazes in uniformly lined grooves that form 
against a glass slide 20 and glued thereto with a trans- parallel lines on a light reflecting surface, as described 
parent glue G to nullify the imperfections in the optical in "International Dictionary of Physics and Electron- 
polish at the ends of the fibers. Additionally, the flat 25 ics," Van Nostrand, 1956, With such a blaze shape the 
ends of the fibers are normal to their respective fiber grating throws a large fraction of the incident radiation 
axes. Still further, they are held in contact with each into one general direction in a beam, which has a rectan- 
other in longitudinally extending arrays 21 in spaced gular cross-section in a plane, and each given wave- 
apart planes in cross-section by picture-frame-shaped length is dispersed into specific, periodic, sequential and 
terminal means 23 and 25 adapted for use with suitable 30 equally spaced, longitudinally extending, parallel, spec- 
first and second respective matching means 27 and 29. trum lines in a specific order that progresses in space at 

Tlie first or input matching means 27 is adjacent to right angles to the direction of the beam, the order 

the input terminal means 23 for dispersing and oriental- being described e.g., on pages 6-94 to 95 of "Handbook 

ing the Ught frequencies in space as a function of the of Physics," by Condon and Odishaw, McGraw Hill, 

space orientation of the input fiber ends in the input 35 N.Y, 1958. 

terminal means. Thus, certain fibers are adapted simul- This order can be focused into an image of the source 

taneously to receive particular frequency components in the same phase in approximately parallel wavefronts 

of the incoming light by forming a particular incident according to the blazes provided. In one embodiment 

light frequency channel. For example, channel 1 is lined the incident light wave of focused parallel wavefronts 

up in space for transmission of one frequency through 40 reaches the grating blazes along the incident beam axis 

one particular fiber, e.g., a fiber of length a; another at an incident angle a, to the plane of the grating for 

particular frequency channel, e.g., channel 2, is lined up diffraction along an outgoing beam axis at an angle B to 

for transmission of another particular frequency spaced the plane of the grating. The diffracted light spreads 

up to 25A or more from the one first frequency through over some appreciable angle due to specific difTraction 

one particular fiber, e.g., a fiber of length b; another 45 effects of the blazes, e.g., due to the specific angle of the 

particular frequency channel of like frequency spacing, blazes, which are uniformly spaced. The path difference 

e.g., channel 3, is lined up for transmission of another of the diffracted light from successive blazes arrives in 

like spaced frequency through another particular fiber, successive wavetrains that reach the outgoing lens in 

e.g., a fiber of length c; and another particular fre- the same phase, so that when they are brought to a focus 

quency channel, e.g., 4, is lined up for transmission in 50 F, they have approximately paraUel wavefronts in syn- 

like manner through another particular fiber, e.g., a chronism and they are separated in space by the blazes 

fiber of length d. As a practical matter the larger the to produce a bright image of the distant source, 

spread in space between channels the larger the system . In one example, the grating is a Bausche and Lombe 

required. grating Model No. 35-53-15-296. having a flat, 4"x4", 

Should the second or output matching means 29, 55 aluminized surface in a plane, and 1800 lines/mm at a 

which is adjacent to the second or ouput terminal means blaze X = 500oA 

25 sequentially transmit the specific time delayed sig- A typical sequence is illustrated in FIGS, l-a to 1-c. 

pais, to detection means 17 for recording, monitoring, Thus, for example, it can be seen that the amplitude of 

interpretation, analysis, etc., then the desired selective each frequency channel is detected in a single oscillo- 

spatial and frequency analysis of the light can be made 60 scope 43, although the respective frequency channels 

with the single light detector 17. are sequentially received by the detector 17. The ampli- 

In one embodiment, it has been discovered that the tude of an incident Ught pulse as a function of time in 

first matching means 27 for dispersing and separating arbitrary units is shown in FIG. l-a, while the spectrum 

the various frequencies of the incident light in pulse 13 of the incident light pulse is illustrated in arbitrary units 

in space can be a precision, commercial, longitudinally 65 by FIG, 1-b. Likewise, the output 45 of the spectrome- 

extending, rectangular cross-section, flat, finely lined, ter 10 as a function of time is illustrated in FIG. Ic. 

diffraction grating 35, which can be combined with In a practical embodiment for holding lowloss fiber 

suitable conventional lenses 37, such as lenses e, f and g, ends 19 in contact with each other in a longitudinally 
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extending array so that the ends of the fibere are . in 200 cm pr gfessively to produce delays of 10 n sec, 20 

spaced apart planes normal to the respective fiber axes, n sec, 30 n sec, 40 n sec, etc. H >yever, the length in- 

the Individual fibers have an inner uniform diameter crease f the fibers from channel to channel can be 

low-loss core 51 and ah outer cylindrical sleeve 53 of varied, e.g., to be larger or smaller than 200 cm, depend- 

uniform outside diameter having a different index of 5 jng on whether longer or shorter delays are desired. ^ 
refraction from the cross 51^ as iahbwn in nC^ 2. The 

index of refractibh of the fibers* central cores may be EXAMPLE II . 

uniform or may be a parabolic function of radius. Also, g^^pg Exanq>le I are repeated "wng low-loss, I 

the termmals 23 and 25 form a picture frame-shaped q„q diameter glass fibers having a light loss of less than 

clamp 26 in cross-section tlut confonns the fiber ends to 10 3j^ijl 5 jl^yigj^ 

the same cross-sectional shape, as shown in FiO. 2. 

In the embodiment of FIO. 2, the ends 19 of the EXAMPLE III 

dififeient length fibers 11 form a longhudii^y extend- ^ ^ Example II are repeated for Thomson 

mg rectonguh^ m cro»H|ecUon mjhe ^^^^ ^y,^ ^ xo this end, the 

p^ane of the pap^ of the figure, and only pi^ fiber ^ 15 ^^^^^^ ^ ^^^^ ^ ^^^^ 3 ^ 

S:^2?bSi:SorF^l2^ long^.transmit^^^^^^^ 

SrinmSuofthesamelengSiforiich^^re^ and the scattered 

frequency chamiel. such as theXmiel 1 or thHlian- eter of this invention for detection of the^^ compo- 

nd2 2, 3 or 4 of FIG. 1, and each of these fiber lines V 20 !^«°ts by a single photo-mulUpher bght detection means 

corresponds to and is on a respective spaced apart fre- ^^^^ ^S^^ trai^tted by the fibers is sequen- 

quency or spectrum line L. To this end, the spacings Sd'^t'J^dTir^n^ 

between the Imes L of FIG. 2 are expanded by suitable ^cted by the different fiber lengths m ttc respective 

lenses, and the lenses of HGS. 1, 4 and 5 are adjusted to channels. Thereupon, a wide band osciUoscopc con- 

produce this result. 25 nected to the photomultiplier displays the light detected 

In the practical embodiment of FIGS. 4 and 5, the by tiie photo-multiplier for recording by conventional 

different length fibers are wound on a support means 61 photographic techniques, 

for winding the fibers to produce turns 63 whose num- ■ ■ EXAMPLE IV 
bers correspond to the lengths of the fibers in each 

channel. In a practical embodiment for the shutter S, 30 Employing like steps, Thomson scattering can be 
suitable cross pollarizers 72 and 73 are employed, as made useful as a plasma diagnostic for providing highly 
shown in detail in FIGS. 4 and 5. accurate data on plasma temperature and density in 
According to the systeni of FIG. 5, the input light plasma discharges with a large^angje ruby laser diag- 
beam pulse 13 from light source 12 is scattered by a nostic for a CO2 laser-heated plasma in a solenoid at 
laser produced plasma P, is received and transmitted by 35 densities tie ~ (lO^^cm-^). In such an expiqriin^t the 
a slit 81, lens 83, shutter S, lens 85, slit 87 and a lens 37 importance of using a large number.of firequency ph^- 
that transmits the pulse against a grating 35 for disperse nels m accordance with this invention is adVania^equiB 
ing the incident light frequencies in space and orientat- for analyzing the complex electron scattermg spectrum, 
ing them in space in a longitudinally extending, rectan- Also, plasma instabilities can be . studied, 
gular-shaped array in cross-section, which corresponds 40 in tiiis example both ]arg&4ngle (0=l SO*) and small- 
to the orientation of the fiber ends 19 in space in the . angle (6= 30% 20*) measurements were nude. The spec- 
input terminal means 23. To this endi the lens 37 refo- ^^re not simple Maxwellians but were modified by 
cuses the dispersed or separated and spread frequencies the presence of tiiermally excited plasma waves. The 
as an input image for lenses e and f to produce a demag- ^=150* measurements were inverted to obtain both n^ 
nified image on tiie fiber ends 19 in tiie input terminal 23 45 measurement from the shape of tiie spectiiim. 
that corresponds to the arrayed firequencies produced -The small-angle measurements produced a spectiiim 
by the grating 35. Also, the image is restored at the that had a sharp spike; this spike was caused by weakly- 
output did, of the fibers after the aers-^producc the ^^^^ its ampUtixde could be accu^ 
desired delays. This produces an optical delay m each ratelTdetennined. 

channel that Wo^^ 50 prerequisite to stiidying instiibilities in a C62 

of the photo-detector \"<>^^Pl;^^^^^^^ laser hekted^lasma, detiuled measurements must be 

m tiie manner illustrated in FIGS, l-a tiirough 1-c , - ^ . , x^r^A »^«»«»;»»»#o 

Thus, tiie time behavior of incident chromatic light tiiat of n (r^t) ««d T£r,M). These measuremente 

int«^cts witii a time varying plasma to produ^com- '^"^^^ ^ sufficiently short time resolution and ^smaU 

plex and variable spectri coi{U>onding witii certam 55 «P^, locahzation m order to accuriM^ly as^ the 

hnportant and rapid^hanging pksma characteristics ^Pfy ^^S^g pl?sma par^ Due tp tiie limiti^ 

and/or parameters can be detected, analyzed, con- ^o shot reproducibihty of tiie ptosma, the basic 

trolled or in some otiier way utilized; parameters are acquired m one shot For exam- 
ple, very poor results woitid be obtained from measur- 

. . . EXAMPLE I • 60 ing diffcrent parts ofthe scattered spectrum on <^ 

In one example, m which tiie lengtiis of tiie fibers shots and then combining them to form an "ayerajge" 

vary for producing time delays for the respective fr€- spectrum, since evien for the same electron tempefatiure 

quency channels from 1 n sec to 2 microseconds, the and electron particle number density n^ stray light 

fiber lengths vary to produce a uniformly predeter- andsmall values of time jitter could cause large sh tto-; 

mined delay that is stepped about 10 nanoseconds from 65 shot scattering va^ti ns. Thus, the experiment requires 

channel to channel by increasing the channel lengths in a design' to find n«(r,z) mid T« in a single shot . > 

steps of 200 cm. Thus, relative to the first channel, the In more detail, itl^ requirements can be summarized 

fibers in the next channels are respiectively longer by as follows: 
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a. Time resolution: At;S0.5 n sec; this is because the scattering measurement Before entering the interfer- 
density and temperature are changing on a time scale of ometer the laser beam was spatially filtered by a 0.008" 
less than 10 nsec in the early stage of plasma formation. pinhole and expanded in order to improve beam quality. 

b. Space resolution: AX :S0.25 mm; this is because the The spectrometer had to satisfy the requirement of 
expanding plasma is highly nonuniform and contains 5 having at least ten channels in order to analyze the 
strong outwardly propagating shocks. In the early complicated scattered light spectrum and had to be able 
stages of plasma formation (t < 5 nsec) even better space record the complete scattered light spectrum in one 
resolution would be advantageous. ghot Newly-developed low-loss optical fibers donated 

c. The scattered light spectrum must be recorded on g^jj Laboratories were used to accomplish the de- 
a single shot. As mentioned before, small shot-to-shot 10 ^gjay At; each optical fiber consisted of a 55 
plasma variations will render meanmgless any spectral inner-diameter Ught-conducting core of gennania 
measurement average over many shots. borosiUcate glass surrounded by a light-trapping 110 

d. Large degree of acc<^; the vacuum syst^ must ^^i^^etcr fused silica jacket. This combiiiation re- 
permit both large and smaU angle ruby If^^ J^omso^ ^ ^ ^ ^^^^^ ^ ^^^^ ^ 

scattering In ^diUon, <>f /^^^^ f^!^^^^ 15 ^cn wavelength, as oppos^ to earUer fibers that have 

angle of the ruby laser relaUve to the CO2 laser. There * ' ^f^*^© /«, 

also must be room to position probes and targets at the °f ^^^^""^.u • * iv 

focal volume in orde? to faciUtate aligmnenl. To this The scattered ligh entered the input sht after passmg 

end, ten 2"-dia. windows can be mounted at 30' incre- ^'^^^^^ IP^^^^^^ ^^}^^ two polarizers, which served 

meiltal angles around the vacuum system to permit the 20 f ^ optic^ shu ten This shutter wj^opened for a time 

aneular access. duration of about 30 nsec centered about the 3 nsec ruby 

TMeasure of n(r,z) independent of Thomson scatter- laser pulse in order to restrict the time duration of the 

ing in order to facilitate an understanding of the plasma light emission coUected by the spectrometer. An 

Thomson scattering results and also to estimate early design that did not employ this shutter failed be- 
cause the plasma emission, which had a duration of 

\i\/ny(dn/dz) | about 200 nsec, would be summed over all the channels, 

whose incremental time delay was only 18 nsec. The 

f. Appropriate timing signals; in general; the timing of result was a noise level far above that found employing 

the ruby laser relative to plasma breakdown can be the shutter. The shutter elimmated this problem and 

controlled only to about ±10 nsec. allowed the 3 nsec time duration ruby laser scattered 

The ruby laser constructed for this experiment had an Hg^x seen above the noise. Two disadvantages of 

oscillator portion consisting of a Korad Kl ruby laser ^he shutter were that it inserted a factor of 4 loss into the 

head in a cavity that was Q-switched by a Brewster optical system and that the jitter in its timing further 

stack and a Fockels cell. A transverse mode selector complicated the experiment. 

(TMS) aperture selected the TEMbo mode and the Ion- /^f^cr passing through the slit, the light enters a stan- 

gitudinal mode selector (LMS) gave the oscillator out- ^j^^^^i grating having grating groove widths ohe same 

put a coherence length of 1 m. Both components gave ^^^^^ magnitude as the wavelength of the original 

the oscillator an interferometric quaUty output beam. ^^^^ ^^e output plane, where it is dispersed in 

However, the output pulse of this oscillator had a solid angle of light of this dispersed image 

FWHM of 30 nsec which was too long to adequately ^^^^ demagnification lens by a field 

time resolve the laser heated plasma. A second po^^ ^ The demagnification lens 

^11?? ^"^u^"^^!"^^ ^o'A shrunk the image so that it fitted onto the optical fiber 

FWHM m the following mamier: viJot PC2 was not ^ ^his array consisted of twenty optical fi- 

tnggered, the Glans polarizer reflected tiie osciUator ^^^^^^ ^ ^.^^ ^ ^ aluminum holder. The 

output beam mto a spark gap SG, which Aen appli^^^^ ^^^^ ^.^^ ^^^^ ^ ^jjnnnum 

vo tage pulse to PC2. which ^^^^^^^^ and attached to a glass slide with a glue having an opti- 

pu beam for 3 nsec and allowed it to pass through the ^ ^^^^ ^ 5 ^j^^ ^^^^ arriigem^t 

^-raf oscillator output beam was expanded and di- ^Z^^ ^^/^^^ "^rl^^"^ wk"' Til^ ^^^^ 
rected into a second Kl laser head, which it double f Each fiber chamiel Aen mom- 
passed as it was amplified. The output of this Kl head 50 tored a different portion of the miage and therefore a 
was then collimated and passed through two K5 ruby ^^^^^^i/iTw ^^"^1 ^^"^ ^^P^^"^ ^roxi- 
laser heads where it was amplified into a 2J 3 nsec matdy 25A/fiber channel. • 
FWHM light pulse. This pulse was then directed into The twenty fibers were routed onto a drum whm 
the Thomson scattering volume in the plasma by an 8" S^^^n a successively longer length. In 
focal length quartz lens, where it had a measured focal 55 this sp^trometer the average mcremental delay be 
spot diameter of less than 0.25mm. In order to maximize tween channels was 18 nsec. The ends of the fibers were 
the plasma scattered light, all of the optics between the then rejoined m a brass holder and focussed on to a 
laser and focal volume were antireflection coated for photo-multiplier tube photo-cathode. The tube chosen 
6943A. In addition, a combination of three prisms was for this was an RCA C31034A Photo-multiplier with a 
used to rotate laser light polarization from horizontal to 60 gain of about 10* and a responsivity that is nearly con- 
vertical. This allowed all scattering angles to be used. stant from a wavelength of 3000A to 8000A. At 6943 A, 
The beam splitter inserted between the two K5 ruby this tube had a quantum efficiency of 20%. Each chan- 
laser heads extracts a small part (-3%) of the laser nel was detected by the photomultiplier tube at a suc- 
beam in order to illumate the interferometer. The cessively later time; by knowing the time delay of each 
Thomson scattering and inteferoraeter beam time de- 65 channel, the spectrum was compiled. Each frequency 
lays were adjusted so that they both reached the plasma channel read out on the oscilloscope as a 5 nsec spike at 
within 2 nsec of each other. This then allowed a deter- a successively later time. The spectrum was the enve- 
mination of n« (r,z) simultaneous with the Thomson lope of the spikes. In order for this system to work, the 


10/14/2003, EAST Version: 1.04.0000 


4,1^,3' 

spurious light entering the spectrometer from the 
plasma was limited by the shutter to a '.time, span that 
was shorter than the incremental time delay between 
channels. 

In view of the above, the incident chromatic light 5 
pulse carrying the desired time varying plurality of 
frequencies to be analyzed spatially and by frequency 
over a broad range of frequencies is detected by a single 
light detector. To this end, the light is fed to a grating 
that is conventional for spreading the light in space and 10 
separating the frequencies according to the plurality of 
frequencies transmitted. Thereupon, the frequencies are 
manipulated in space by conventional lenses for orien- 
tating them in space according to the spatial orientation 
of the different length fiber input ends. Moreover, the 15 
incident space orientated frequencies are matched to the 
fiber ends in the respective channels by suitably mount- 
ing the fiber ends. The fiber in each channel retransmits 
the light with selective time delays corresponding to 
and in accordance with the frequencies transmitted and 20 
the length of the fibers in each transmitting channel, and 
the fiber outputs are retransmitted to match the fiber 
outputs to the detection means for sequentially receiv- 
ing all the frequency components of the pulse in accor- 
dance with the respective time delays desired for the 25 
selective frequency and/or spatial analysis of the inci- 
dent light. 

This invention provides a broad range of optical time 
delays for a broad range of frequencies of incident chro- 
matic light for the selective spatial and/or frequency 30 
analysis of the ligjit with a single detector. The inven- 
tion has the advantages of simplicity, economy, depend- 
ability, accuracy and repeatability with a wide range of 
convential or commercially available components. To 
this end, this end, this invention has the advantage that 35 
commercially available light fibers of different lengths 
can be used for a wide variety of useful applications, 
comprising, e.g., the diagnosis of rapidly time varying 
plasmas produced by laser interactions, plasmas pro- 
duced in tokamaks, or plasmas produced in other mag- 40 
netic, non-magnetic, endless or linear configurations, 
and this diagnosis can be used for Thomson scattered 
laser light or for laser light used in determining the 
heating characteristics of a wide variety of plasmas. 
What is claimed is: *3 
1. In a Thomson scattering system for diagnosing a 
time varying plasma with a short incident chromatic 
light pulse of below 100 nanoseconds duration for die 
selective spatial and frequency analysis of the light with 
a single light detector, the improvement for providing a 50 
broad range of optical time delays for incident light 
passing through the plasma that is Thomson scattered 
by the plasma and contains a variety of frequencies that 
are dispersed in space as spectral lines according to a 
specific system of stepping for the selective frequency 55 
analysis of the scattered light with a single light detec- 
tor, comprising: 

a. angle light detector means; 

b. light source means of a short incident light pulse 
that 18 Thomson scattered by the plasma to contain 60 
a variety of frequencies for the selective frequency 
analysis of the Thomson scattered light image by 
the single light detector means; 

c. A plurality of uniform diameter, low-loss, glass 
fibers having transparent cores of one index of 65 
refraction, annual sleeves of another index of re- 
fraction, and flat polished ends normal to their 
respective fiber axes for receiving and transporting 
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the scattered light image along the fiber areas from 
end to end with time delays that correspond with 
the individual lengths of the fibers; 

d. a plurality of frequency channels formed from said 
fibers having different lengths and a plurality of 
continuous, equail length fibers in each channel for 
providing a specific system of stepping that trans- 
mits the scattered light image with equal time de- 
lays in each of the plurality of fibers in each chan- 
nel; 

e. spaced apart, picture-frame-shaped terminal means 
for holding the respective outer, adjacent, terminal 
diameters of the annual sleeves at the opposite ends 
of the fibers in each channel in contact with each 
other in longitudinally extending arrays having 
correction means for nullifying the imperfections 
in the polish of the ends and continuously holding 
the respective ends in spaced apart planes accord- 
ing to a specific system of stepping that is fixed for 
the different length frequency channels; 

f. matching means adjacent to one terminal means 
having means for continuously and fixedly dispers- 
ing the incident light frequencies in space and ori- 
entating the frequencies continuously and fixedly 
in space as a fiinction of the specific system of 
stepping provided by the orientation and location 
in space of the respective different length fre- 
quency channels in the one terminal means; and 

g. means adjacent to the other terminal means for 
continuously and fixedly matching the outgoing 
light from the respective different length frequency 
channels of the other terminal means for the detec- 
tion of the outgoing light by the single light detec- 
tor means in accordance with the time delays pro- 
duced by the channels for determining the effects 
on the light by its being scattered by the time vary- 
ing plasma; and 

h. shutter means between the light source means and 
the plurality of channels for selecting a portion of 
the pulse that is shorter than the successive time 
delays between channels and transmitting the spa- 
tially dispersed firequencies to the channels for 
detection by the detection means as temporally 
dispersed frequencies, the detector means bemg a 
photomultiplier light detection means for detection 
of the temporally dispersed frequences for a time 
that is long comp9red to the successive time delays 
produced. 

2. The apparatus of claim 1 in which the different 
length fibers are mounted on a support means for wmd- 
ing the fibers to produce turns whose numbers corre- 
spond to the lengths of the fibers. 

3. The apparatus of claim 1 in which the fibers form 
separate uniformly stepped channels that are spread to 
receive wavelengths dispersed in increasing lengths by 
about 25A from channel to channel for uniformly 
stepped time delays up to about 2 microseconds in dura- 
tion in accordance with the lengths of the fibers. 

4. The apparatus of claim 1 having light fibers includ- 
ing inner light conducting germania borosillicate trans- 
mitting cores having losses of less than about 5 db/km, 
and cylindrical, silica, light-trapping sleeves of a differ- 
ent index of refraction from the cores for forming uni- 
form diameter light pipes that can collect the incident 
light within the frequency range defined by the inner 
transmitting cores. 

5. The apparatus of claim 1 having correction means 
comprising a glass slide glued to the fiber ends with a 
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glue having an optical index of 1.5 for nullifying the to 200 nsec and received in space by the matching 

m^rfections m the optical polish at the ends of the means for transmitting the dispersed light for detection, 

V%u r . recording and for monitoring in a time that is long 

6. The apparatus of claim 1 for diagnosing a plasma compared to the successive time delay between chan- 

havmg laser means for producing an incident pulse that S nels. 

is Thomson scatterd by the plasma to emit light for up * « « • « 
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